A surface-enhanced Raman scattering (SERS) based biosensor using a direct immunoassay platform is demonstrated for influenza A detection. The nucleoprotein of influenza A virus, which is one of the most conserved and abundant structural proteins on the virion, was used as a target. In this study, highly sensitive biosensors were realized by combining specific recognition of antibody-antigen interactions and high signal enhancement of the SERS effect. SERS probes were fabricated by decorating PEGylated, 4,4 0 -thiobisbenzenethiol (TBBT)-labeled gold nanoparticles (NPs) with influenza A antibodies. To improve the sensitivity, a SERS immunoassay was performed on two-dimensional (2D) arrays of gold@silver coreshell (Au@Ag) NPs, which work as SERS substrates. The SERS signal of TBBT was utilized to detect the selective nucleoprotein-antibody recognition. The SERS signal was enhanced $4 times by using the SERS substrates instead of a flat Au film. These results indicate that using a well-tuned Au@Ag 2D array as a SERS substrate is an effective way of improving sensitivity of SERS-based biosensors. Our SERS immunoassay system revealed high selectivity and good reproducibility with a sample-to-sample variation of 4.6% (relative standard deviation). To demonstrate the applicability of our SERS immunoassay system to real biological samples, the detection of influenza A using infected allantoic fluid was also 
Introduction
Surface enhanced Raman scattering (SERS) is regarded as a powerful technique for detecting trace amounts of biological and chemical substances 1,2 adsorbed on metal nanostructures, 3 because of its inherent advantages: e.g. nondestructive, no photobleaching, sensitive and fast detection. 4, 5 Highly sensitive biosensors for clinical and early diagnosis of diseases can be realized by combining specic recognition of antibody-antigen interactions and high signal enhancement of the SERS effect. 6, 7 Since proteins have common basic chemical compositions, it is difficult to make a distinction between different proteins from Raman spectra. Thus, most SERS-based biosensors adopt the extrinsic detection method, in which a target biomolecule is labeled with a Raman reporter molecule that has unique vibrational ngerprints. By properly selecting a Raman reporter molecule, the presence of biomolecules can be detected without interference from undesired background Raman signals.
For extrinsic detection methods, target biomolecules are rst immobilized on a substrate, and then SERS probes containing Raman reporter molecules are selectively labeled on the target biomolecules. The SERS probes should have a very large effective Raman cross-section with selective binding ability to a target biomolecule and sufficient stability in air and aqueous solution. Typical SERS probes are metallic nanoparticles (NPs) that are labeled with Raman reporter molecules, stabilized with a protecting shell, and have specic targeting moieties on the outer surface. 8, 9 By designing metallic NPs properly, the scattering efficiency of Raman reporter molecules can be strongly enhanced via localized surface plasmon resonance (LSPR) of the metallic NPs.
Typically SERS-based immunosensors rely on the use of at substrates, e.g. Au or glass substrates. 10, 11 In those cases, the enhancement of Raman signals solely comes from the LSPR of isolated SERS probe and/or plasmon coupling among SERS probes. This is because no signicant electric eld enhancement can be expected from such a at substrate. Thus, the structural design of SERS probes is crucial for achieving sufficient detection sensitivity. For instance a higher electromagnetic eld enhancement can be obtained by using Au nanoowers, 12 Au nanostars, 13 or aggregates of AuNPs 14 as the metallic core of SERS probes, instead of spherical AuNPs. In addition, the use of a nanostructured metallic substrate (SERS substrate) instead of a at substrate is useful for improving the sensitivity. By properly designing SERS substrates, an additional Raman signal enhancement can be expected through strong plasmon coupling between the SERS substrate and SERS probes. According to these strategies, some groups reported good achievements in SERS biosensors on the nanostructurebased substrate, for example, two-dimensional (2D) array of Au nanotriangle, 15 Au-Ag coated GaN substrate, 12 and 2D array of Au nanostar, 13 with high sensitivity and/or low detection limit. Therefore, the development of SERS substrates that can be electromagnetically coupled with SERS probes is essential to realize highly sensitive biosensors.
Recently, we reported promising plasmonic substrates for SERS-based sensors, which are 2D arrays of gold@silver core-shell (Au@Ag) NPs formed on indium-tin-oxide (ITO) substrates.
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These arrays were obtained by our original hybrid method, 17 which is a bottom-up deposition method based on self-assembly of NPs. Large-area, uniform, high-coverage 2D arrays with a constant interparticle gap distance can be obtained, and they possess strong mechanical stability. The LSPR of the 2D arrays is easily tuned by changing the Au@Ag NP size and the Au/Ag molar ratio. Therefore, we can design the 2D arrays optimized to an excitation laser wavelength of Raman measurement. Indeed, a high SERS enhancement factor of 10 7 at an excitation wavelength of 633 nm (a He-Ne laser line) was observed for rhodamine 6G molecules directly deposited on the 2D Au@Ag NP array. Thus, this SERS substrate is expected to be a key component for successful fabrication of high performance SERS-based sensors.
In this article, we report a proof of principle study of a SERSbased immunosensor for detecting the nucleoprotein of inu-enza A virus, and its performance. In this sensor, the immunoreaction occurs on 2D arrays of Au@Ag NPs on an ITO substrate, served as a SERS substrate. The SERS probes were fabricated by decorating PEGylated, 4,4 0 -thiobisbenzenethiol (TBBT)-labeled AuNPs with antibodies specic to the target nucleoprotein. TBBT was chosen as a Raman reporter molecule in this SERS immunoassay because of its outstanding characteristic Raman spectra. The strong Raman bands assigned to vibrations of n CS and n CC(ring) are observed at 1065 and 1565 cm À1 , respectively. Although both the bands can be used for detection of the nucleoprotein of inuenza A virus, the 1565 cm À1 band was used in this study. This is because both the bands provide us the same information and also because the baseline around the 1565 cm À1 band was more structureless than that around the 1065 cm À1 band. Monoclonal antibody specic to inuenza A nucleoprotein was purchased from Innova Biotechnology and used without further purication. The recombinant inuenza A nucleoprotein used in this study was generated and characterized as described previously. 18 The allantoic uid infected with inu-enza A/Thailand/104/2009 (H1N1) (Prof. Pilaipan Puthavathana, Mahidol University, Bangkok, Thailand) was prepared and inactivated as described. 19 For dilution of the infected allantoic uid, an extraction buffer solution (150 mM NaCl, 5 mM EDTA, 16 mM Triton X-100, 12 mM sodium deoxycholate, and 3.5 mM SDS in 10 mM phosphate buffer pH 7.4) was used as solvent.
Preparation of SERS probes
SERS probes were prepared in three steps: (i) synthesis of 25 nm citrate-capped AuNPs, (ii) modication of AuNPs with TBBT (Raman reporter) and PEG molecules, and (iii) antibody immobilization. In brief, 25 nm AuNPs were synthesized by reducing HAuCl 4 with sodium citrate. 20 Then, the citrate-capped AuNPs were simultaneously labeled with TBBT and thiolated PEG acid (COOH-PEG-SH) by adding their mixed aqueous solution to a colloidal solution of AuNPs. The particle aggregation and precipitation during TBBT-labeling treatment is prevented by this simultaneous modication. To acquire long-term stability of particles, the AuNPs were further treated with an aqueous solution of thiolated PEG (PEG-SH). Aer removal of excess TBBT, COOH-PEG-SH and PEG-SH molecules from the colloidal solution by two cycles of centrifugation and re-dispersion in water, the resultant colloidal solution can be stored at 4
C for more than 6 months. Finally, the carboxyl groups of COOH-PEG-SH molecules on AuNPs were activated with EDC/NHS, and the antibody was covalently immobilized on the TBBT-labeled AuNPs. The nal antibody immobilization was conducted in a 10 mM PBS solution (pH 7.4), and the particles were washed by two cycles of centrifugation and re-dispersion in PBS solution. Hereaer, these particles are called "SERS probes". The details of the SERS probe preparation are described in ESI. †
Preparation of hydrophilic SERS substrates
The SERS substrate used in this study is a 2D array of Au@Ag NPs formed on a 0.6 mm-thick quartz substrate with a 10 nm-thick ITO lm. The structure of Au@Ag NPs was designed so that the LSPR energy of 2D Au@Ag NP arrays matches the excitation wavelength (633 nm) of the Raman measurement. Additionally considering the feasibility of narrow size distribution and shape uniformity of Au@Ag NPs, the Au core diameter and the Ag shell thickness were determined to be 40 nm and 5 nm, respectively.
16
Alkanethiolate-capped Au@Ag NPs were synthesized according to the procedure reported previously, 16 except for using a mixed solution of octadecanethiol : dodecanethiol ¼ 1 : 6 (molar ratio) in acetone 21 for the mixed self-assembled monolayer (SAM) formation on the Au@Ag NP surface. The details of Au@Ag NP synthesis were described in ESI. † The alkanethiolate-capped Au@Ag NPs were arrayed on an ITO substrate (10 Â 10 mm 2 ) by a hybrid method, in which uniform and high-coverage 2D arrays of metallic NPs are formed through solvent-evaporation-induced self-assembly under the presence of electric eld. 17, 22 Before arraying Au@Ag NPs, the ITO substrate was successively functionalized with 3-mercaptopropyl trimethoxysilane (MPTMS) and 1,6-hexanedithiol. (See ESI. †) The arraying of Au@Ag NPs was performed according to the procedure reported previously. 16 Aer arraying, the 2D array samples were annealed at 60 C overnight to enable chemisorptions of Au@Ag NPs on the functionalized ITO substrate, and then washed by sonication in hexane for 30 s to remove excess of Au@Ag NPs.
Since the 2D array substrate obtained by this method is hydrophobic, it is not suitable for immunoassay for inuenza A detection. Thus, the 2D array substrate was hydrophilized by exchanging the capping molecules with MHDA. First, the 2D array substrate was annealed at 90 C for 1 h. Then the substrate was immersed in an ethanolic solution of MHDA (15 mM, 1 mL) for 12 h at 50 C. The substrates were rinsed with ethanol three times and dried under nitrogen atmosphere. By performing the annealing process, the MHDA treatment time was signicantly reduced from 7 days to 12 h.
Immunoassay protocol
The SERS immunosensor fabricated in this research is based on a direct immunoassay (Scheme 1). Aer the SERS substrate (10 Â 10 mm 2 ) was divided in quarters, a 5 Â 5 mm 2 SERS
Scheme 1 Schematic illustration of direct immunoassay on 2D Au@Ag NP array substrate. rt: room temperature.
substrate was used as the solid support for immunoassay. First, the freshly prepared hydrophilic SERS substrate was activated by successively dropping 10 mL of a 15 mM EDC aqueous solution and 10 mL of a 15 mM NHS solution. The mixed droplet was kept on the substrate for 30 min. Then, the substrate was washed with distilled water three times and dried by nitrogen gas. Next, 1 mL of a recombinant nucleoprotein solution with different concentrations was directly dropped onto the SERS substrate and incubated for 30 min for immobilizing recombinant nucleoprotein. The incubation time was optimized (see Section 3.3.1). Aer that, the SERS substrate was washed for 5 min each in 10 mM PBS solution followed by DI water under stirring condition. Subsequently 5 mL of a SERS probe aqueous solution (optical density ¼ 0.5) was dropped onto the substrate to react with the target nucleoprotein. The incubation time for immobilizing SERS probes on recombinant nucleoproteins was 1 h, which was also optimized (see Section 3.3.1). Finally, the substrate was washed twice in stirred PBS solution for 5 min and then twice in stirred water for 5 min.
Instrumental
UV-Vis-NIR spectroscopy was carried out with a V-670 spectrometer (JASCO, Japan) to examine the optical property of nanoparticles and SERS substrates. SEM images were obtained with FE-SEM S-4800 (Hitachi, Japan) to evaluate the morphology and coverage of particles on the substrate. Raman spectra were measured with a micro-Raman spectrometer system with a HeNe laser and a charge-coupled device (CCD) detector (NT-MDT NTEGRA Spectra or Lambda Vision MicroRAM-300). For the NT-MDT NTEGRA spectra system, the excitation laser light was focused on the sample surface using a 40Â objective lens with a numerical aperture of 0.65, and the Raman scattered light was collected with the same objective lens. The Raman scattered light was dispersed with a single spectrograph of a focal length of 520 nm with a grating of 1200 grooves per mm. For the MicroRAM-300 system, a 50Â objective lens with a numerical aperture of 0.75 was used for the excitation and collection of Raman scattered light. A single spectrograph of a focal length of 300 nm with a grating of 600 grooves per mm was used to record Raman spectra. For both Raman spectrometer systems, a 632.8 nm line of the He-Ne laser was used for excitation, and the laser power was set to 100 mW at the sample surface. The laser spot size was estimated about to be 4 mm in diameter. Stokes Raman shi spectra were obtained with an exposure time of 50 s. To improve the signal-to-noise ratio, typically ve to ten spectra were averaged.
Results and discussion

Characterization of SERS probes
As mentioned above, the SERS probes for inuenza A nucleoprotein detection were prepared in three steps; (i) synthesis of 25 nm citrate-capped AuNPs, (ii) modication of AuNPs with TBBT (Raman reporter) and PEG molecules, and (iii) immobilization of inuenza A antibody. The high uniformity of citratecapped AuNPs in shape (spherical) and in size (average diameter of 25 AE 3 nm) was conrmed by SEM (Fig. S1 in ESI †) . Fig. 1 shows the Raman spectra of solid TBBT, TBBT-PEGylated AuNPs, and SERS probes. The characteristic Raman bands of solid TBBT were observed at 1077 and 1572 cm À1 , which were assigned to the vibrations of n CS and n CC(ring) , respectively.
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The corresponding bands were observed at 1065 and 1565 cm
À1
for TBBT-PEGylated AuNPs and SERS probes. These vibrational frequency shis were reported for TBBT adsorbed on AuNPs, 24 and AgNPs, 25 indicating chemisorptions of TBBT. The d CSH band of solid TBBT at 917 cm À1 completely disappeared on the TBBT-PEGylated AuNPs and SERS probes, indicating that TBBT molecules were chemisorbed on the colloidal AuNP surface by losing two H atoms of S-H bonds. Based on TBBT molecular structure, there are two possible double-end adsorption structures; one is bidentate adsorption on a single AuNP, and the other is bridging adsorption between adjacent AuNPs, which leads to aggregation of AuNPs. The extinction spectra of colloidal solutions of citrate-capped AuNPs, TBBT-PEGylated AuNPs, and SERS probes showed a single narrow LSPR peak at around 523 nm (see Fig. S3 in ESI †), indicating that colloidal particles were well dispersed and no aggregation occurred even aer labeling AuNPs with TBBT. Thus the plausible adsorption structure is bidentate adsorption on a single AuNP. This adsorption structure was also reported on AgNPs. 25 Aer conjugation of inuenza A antibody, the characteristic peaks of TBBT were still dominant; hence, both peaks at 1065 and 1565 cm À1 can be used to detect the completion of specic antigenantibody recognition. Since the background signal originating from the SERS substrate is more structureless around the 1565 cm À1 band than that around the 1065 cm À1 band, in this study the 1565 cm À1 band was used for detection of the nucleoprotein of inuenza A virus. Fig. 2(a) shows high (100k) and low (25k) magnication SEM images of a 2D array prepared by the hybrid method, indicating the high uniformity and surface coverage of the 2D array. The solid curve of Fig. 2(c) shows the extinction spectrum of the asprepared 2D array. The extinction peak assigned to LSPR of the 2D array was observed around 627 nm. This result showed successful tuning of LSPR energy to the excitation (633 nm) of our Raman measurement. Hence, the highest enhancement effect was expected from the 2D array SERS substrate. Since the constituent Au@Ag NPs of the as-prepared 2D array are stabilized with mixed alkanethiol molecules, this substrate surface is hydrophobic. As shown in the inset of Fig. 2(a) , the contact angle of a 1 mL water droplet was 130 , indicating a strong water repellent characteristic. Thus, the 2D array must be hydrophilized before utilizing it as a substrate in an immunoassay using aqueous solutions. The hydrophilization was performed by annealing the hydrophobic 2D array at 90 C for 1 h and then immersing it in an ethanolic solution of MHDA at 50 C for 12 h. Fig. 2(b) shows the SEM images of the MHDAfunctionalized 2D array and the contact angle of a water droplet. The MHDA-functionalization signicantly reduced the water contact angle from 130 to 35 , indicating successful hydrophilization. This hydrophilization was also conrmed by attenuated total reection Fourier transform infrared (ATR-FTIR) spectroscopy (see ESI †). The arrangement of Au@Ag NPs was not inuenced by MHDA-functionalization as conrmed by the SEM images. In addition, the extinction spectrum shown by the dashed curve in Fig. 2(c) can be used to conrm that optical property of the SERS substrate remains unchanged. Since the LSPR wavelength of the resultant hydrophilic SERS substrate is matched with the Raman excitation wavelength (633 nm), this 2D array SERS substrate is suitable for an immunoassay.
Characterization of hydrophilic SERS substrates
SERS immunoassay
3.3.1 Optimization of immunoassay process. To maximize the performance of our immunoassay system and shorten the process time simultaneously, the incubation time for immobilizing recombinant nucleoprotein and SERS probes was optimized. To nd the optimal incubation time of recombinant nucleoprotein, the whole immunoassay was performed with different time for incubating the recombinant nucleoprotein. In this experiment, the concentration of nucleoprotein was xed at 1.34 mg mL À1 , its incubation time was varied from 15 min to 3 h, and the SERS probes were incubated for 3 h. The Raman spectra for different incubation time of recombinant nucleoprotein are shown in Fig. 3(a) . The intensity of the characteristic band of TBBT at 1565 cm À1 was plotted in Fig. 3(b) as a function of the incubation time. The peak intensity increased with increasing incubation time, and then saturated around 30 min. For incubation time of more than 2 h, the decrease of the peak intensity was observed. The reduction of peak intensity could be due to the denaturation of protein structure from the active form to an inactive form over time. Such denatured nucleoprotein lost the biological activity for binding to antibodies, leading to the lowering of the binding coefficient of nucleoprotein-antibody. From these results, the incubation time for immobilizing the recombinant nucleoproteins was determined to be 30 min. Next, the incubation time of the SERS probes was optimized. Fig. 4(a) shows the Raman spectra of the immunoassay performed with different incubation time of SERS probes, under a xed immobilization condition of the recombinant nucleoprotein: 1.34 mg mL À1 and 30 min. The characteristic peak intensity related to incubation time of SERS probes is shown in Fig. 4(b) . These results suggest that the incubation time of 1 h is required for sufficient nucleoprotein-antibody recognition reaction. For incubation time longer than 1 h, $40% decrease in intensity was observed. It could be also due to the denaturation of protein structure induced by a long incubation of SERS probes. Thus, the suitable incubation time for SERS probes is 1 h. 3.3.2 Performance of SERS immunosensing system. In order to clarify the effect of the 2D array SERS substrate towards the sensitivity improvement, a 40 nm-Au/10 nm-Cr lm on a quartz substrate was used as a comparison. This lm was prepared by depositing Cr and Au sequentially on the quartz substrate by thermal evaporation in vacuum (<10 À4 Pa). The Au lm surface was hydrophilized by immersion in an ethanolic solution of MHDA for 12 h at 50 C, and then activated by EDC/ NHS in the same manner as the SERS substrate. For sensitivity study, different concentrations of the recombinant nucleoprotein were prepared via serial dilution of a 134 mg mL À1 stock solution of recombinant nucleoprotein to nal concentrations of 134, 67, 13.4, 6.7, 1.34, 0.67, 0.134, 0.067, 0.0134, and 0.0067 mg mL À1 , and the whole immunoassay was conducted. Fig. 5(a) shows the Raman spectra of the immunoassay conducted on the SERS substrates. For the control, PBS solution without recombinant nucleoprotein was dropped onto the substrates. The result demonstrated that several Raman bands were observed for the control sample on a SERS substrate in the range of 600 to 1600 cm À1 , which can be tentatively assigned to the vibrational modes of MPTMS and activated MHDA. The assignment was presented in ESI (Table S1 †) . These bands are found to be well separated from the characteristic Raman band of TBBT at 1565 cm À1 . As expected, the 1565 cm À1 band was negligibly weak for the control samples, and its intensity increased with increasing concentration of recombinant nucleoprotein. Fig. 5(b) show the sensitivity curves of the immunoassay conducted on the SERS substrate and the Au lm substrate in the entire measurement range. The sensitivity curves were obtained by plotting the intensity of the 1565 cm À1 band as a function of the concentration of recombinant nucleoprotein. The stronger Raman signal was observed for the SERS substrate than that of the Au lm substrate with the same concentration of the target. Both sensitivity curves show a similar pattern of dependence; i.e. initially the Raman intensity increases almost linearly with increasing concentration of recombinant nucleoprotein, and then the increasing rate gradually decreases. The linear relation was observed in the concentration range of 0.0067 to 0.134 mg mL À1 for both substrates.
The linear sensitivity curves are shown in Fig. 5(c) . Comparing the slopes, we found that the sensitivity of immunoassay improved about 4 times by using the 2D Au@Ag NP array substrate, instead of the at Au lm substrate. The limit of detection (LOD) of the immunoassay was estimated using the linear sensitivity curves. The denition of LOD used in this study is described in ESI. † The LOD of the immunoassay using the SERS substrate was 8 ng mL À1 , while that using the Au lm substrate was 59 ng mL À1 . Since the increase of the surface area of the 2D-NP array against the at surface is at the outside twice, the improvement in the sensitivity and detection limit can be mainly attributed to plasmon coupling between the SERS probe and the SERS substrate. Finally, comparison of the LOD with those of other techniques previously reported for detecting the same analyte. The LOD of our SERS immunoassay system (8 ng mL À1 ) is much lower than those of uorescence-based LFIA (250 ng mL À1 ), 26 an immune-interferometric sensor (1 mg mL À1 ), 27 and comparable to that of electrochemical immunoassay (e-ELISA) (10 ng mL À1 ). To examine the selectivity of our immunoassay system, a variety of proteins; recombinant nucleoprotein, avidin, bovine serum albumin (BSA), lysozyme, tryptone, and amicase, were immobilized on the SERS substrates at the same concentration (13.4 mg mL À1 ). The Raman signal intensity observed aer incubating SERS probes are summarized in Fig. 6 . The intense characteristic peaks of TBBT were observed only for the recombinant nucleoprotein. The signal intensity for the other proteins is comparable to that of the control sample. This result clearly shows that our SERS immunoassay has high selectivity against the recombinant nucleoprotein. 3.3.4 Reproducibility. Reproducibility of our SERS immunoassay was examined by performing the immunoassay using ten different SERS substrates. In this measurement, the concentration of recombinant nucleoprotein was xed at 1.34 mg mL À1 . Ten repetitive measurements were performed at different positions for each sample. The relative standard deviation (RSD) of the peak intensity of the 1565 cm À1 band within the sample was less than 5%. The sample-to-sample variation of detected Raman intensity was shown in Fig. 7 . The variation of the average intensity was calculated to be 4.6% RSD, which were considered acceptable values. 29 The small sample-to-sample variation was attributed to the high uniformity and high reproducibility of surface coverage of 2D array. From the results, we can conrm that our SERS immunoassay possesses high reproducibility.
3.3.5 Analysis of the nucleoprotein in infected allantoic uid. To demonstrate the applicability of our SERS immunoassay system for complex biological samples detection, a stock solution of infected allantoic uid containing 5.6 Â 10 3 TCID 50
per mL of the pandemic inuenza A H1N1 2009 virus-was used. Fig. 8(a) and (b) show the Raman spectra and the sensitivity curve, respectively, of our immunoassay system with respect to infected allantoic uid. Initially the intensity of the 1565 cm
À1
band of TBBT was increased with increasing concentration of allantoic uid, and then the increasing rate gradually decreases. The linear relation was observed in the range of 5 to 56 TCID 50 per mL with a correlation coefficient (R 2 ) of 0.96. The detection limit was estimated to be 6 TCID 50 per mL. This result indicates that this SERS immunoassay has great performance to detect nucleoprotein from allantoic uid containing various kinds of interference matrix. The performance of other representative techniques for detecting infected allantoic uid of inuenza A is summarized in Table S4 (see ESI †). The LOD of our SERS immunoassay system (6 TCID 50 per mL) was lower than those of the previously reported techniques: uorescence based-lateral Fig. 6 Selectivity of SERS immunoassay. The concentration of all proteins were fixed at 13.4 mg mL
. The peak intensity of the 1565 cm À1 band was plotted. 
Conclusion
A SERS immunoassay with high sensitivity and selectivity for inuenza A was demonstrated utilizing both PEGylated TBBTlabeled AuNPs covered with inuenza A antibody as the SERS probes and hydrophilic Au@Ag 2D array as the SERS substrates. The antibody-antigen recognition was detected by observing characteristic Raman signal of TBBT (Raman reporter). Immunoassay taken place on SERS substrates has about 4 times higher sensitivity than immunoassay on Au lm substrates, because the Raman signal from the SERS probes is amplied by the electromagnetic eld enhancement effect of the SERS substrate. This immunoassay shows the good performance to detect the target nucleoprotein in a complex biological matrix that contains various kinds of interferences with the detection limit of 6 TCID 50 per mL. These results indicate that using a well-tuned Au@Ag 2D array as a SERS substrate is an effective way of improving sensitivity of SERSbased biosensors. 
